Phycobiliproteins are important photodynamic pigmental proteins. The photosensitized generation of superoxide radical Ž Øy .
Ž
. Ž . Ž . R-phycoerythrin R-PE , C-phycocyanin C-PC and allophycocyanin APC has been investigated throughout irradiation of these proteins with visible light of wavelengths longer than 470 nm. Upon irradiation of an oxygen-saturated aqueous solution of C-PC, R-PE or APC, the generation of O Øy and Ø OH was clearly observed by ESR-spin trapping with 2 5,5-dimethyl-1-pyrroline-N-oxide as the spin trap. The formation of Ø OH can be significantly inhibited by catalase, indicating that H O is also generated in the system and acts as a potential source of Ø OH. Irradiation of the 2 2 oxygen-saturated aqueous solutions of the phycobiliproteins can also result in the photobleaching of these proteins. Ž .
Øy
Inhibition of the bleaching by superoxide dismutase SOD and catalase confirms further the generation of O , H O and 2 
2
Ø OH, and their involvements in the photobleaching of phycobiliproteins. Furthermore, the bleaching can be significantly inhibited by histidine and NaN , two specific inhibitors of 1 O , suggesting that 1 O is also generated from C-PC, R-PE or 3 2 2
APC on photosensitization and participates in the photobleaching of these proteins. The photobleaching rates of these proteins are sharply promoted in oxygen-saturated 2 H O, further verifying the generation of 1 O . Quantitative analyses of 2 2 Ž . Ž . the photobleaching rates K are presented on visible-light-induced l ) 470 nm damage to these phycobiliproteins under d some inhibitors of reactive oxygen species, which further confirm that the generation of reactive oxygen species and their participation in the photobleaching of these proteins. Since the fluorescences of the phycobiliproteins are not quenched by oxygen, it seems probably that the triplet states of these proteins are the inductors of 1 O and O Øy generated. Therefore, the OH engage in charge transfer reactions with Ž .w x biomolecules Type I mechanism 3 . Either pathways will require oxygen to propagate the damage via radical chain reactions. The most widely used sensitizers in PDT are hematoporphyrin derivatives Ž .
w HPD and the enriched product Photofrin II s Ž . w x dihematoporphyrin ether DHE 4-6 . Although encouraging results have been obtained with these photosensitizing agents for a wide variety of neoplasms, it appears that several limitations, such as low absorp-Ž tion coefficient in the phototherapeutic region 600-. 900 nm and dermal photosensitivity resulted from prolonged retention of these agents in the skin, may w x adversely affect the therapeutic outcome of PDT 7 . These limitations have led to a search for improved photosensitizers for PDT.
Ž . Phycobiliproteins PBPs , including phycoerythrin, phycoerythrocyanin, phycocyanin and allophycocyanin, are brilliantly colored, highly absorbent and fluorescent components of the photosynthetic lightharvesting antenna complexes of cyanobacteria, red algae and cryptomonads. Previous studies on phycobiliproteins emphasized mainly on the photophysical processes about energy capture and transfer aspects w of the different chromophores of these proteins 8-x 10 . Recently, Morcos et al. and Zheng et al. have demonstrated that phycobiliproteins exert much stronger photodynamic action on tumor cells compared with HPD and they might be used as a new w x type of photodynamic therapeutic agents 11-13 . Phycocyanin, employed in pioneering photodynamic therapy of phycobiliproteins, exhibits several advantages over the presently used hematoporphyrin Ž . derivatives HPD , i.e., ready preparation and easy purification relative to HPD, high molar extinction coefficients, wide UV-visible absorption, no side effects and significantly reduction of normal tissue photosensitivity because of its fast metabolism in w x vivo 13 . However, the mechanism of action for these proteins, which was considered to be related to w x reactive oxygen species 11,12 , remains unclear.
In the present research, we report the detection of the reactive oxygen species, i.e., superoxide radical Ž Øy . Ž . anion O , hydrogen peroxide H O , hydroxyl 2 2 2 Ž Ø . Ž 1 . radical OH and singlet oxygen O , generated 2 from the photosensitization of the three phycobilipro-Ž . Ž . teins, R-phycoerythrin R-PE , C-phycocyanin C-PC Ž . and allophycocyanin APC . In addition, oxygen-dependent photobleaching mechanism of phycobiliproteins is proven by the effects of a series of reactive oxygen inhibitors on the bleaching. In general, since triplet state of photosensitizer is generally considered to be an inductor of these damaging oxygen species in PDT, our results also give evidences for the understanding of both the photodynamic action mechanisms and the triplet state properties of phycobiliproteins.
Materials and methods

Ž
. Ž . R-phycoerythrin R-PE , C-phycocyanin C-PC Ž . and allophycocyanin APC were extracted from dried Porphyra yezoensis by extraction with 0.1 M phos-Ž . phate buffer pH6.8 and then by fractional precipitation with ammonium sulfate from high to low con-Ž . centrations 55%, then 50-45% . The crude sample was separated through a Sephadex G-200 column Ž . Pharmacia, Uppsala, Sweden , and finally purified Ž through a Bio Gel P-300 column Bio-Rad, Rich-. monnd, VA . The purities of the proteins were exam-Ž . ined by absorption spectra A rA ) 4.0 and max 280 electrophoresis. The absorption spectra of three proteins were given in Fig. 1 , the characteristic peaks of these proteins are identical with that reported by w x other researchers 14-16 . The aggregation states of Ž . Ž . R-PE as ab g , and C-PC, APC as ab in neutral 6 3 medium were ascertained through the measurements of their molecular weights using standard elecw x trophoresis method 17 . The powders of lyophilized proteins were stored at y208C and dissolved with twice distilled water before use. 5,5-dimethyl-1-pyr-Ž . roline-N-oxide DMPO and diethylenetriamine-pen-Ž . taacetic acid DTPA were purchased from Aldrich Chemical Company. Catalase, superoxide dismutase Ž . SOD and histidine were obtained from Biotech. 
Ž .
sorbance of proteins at time 0, A t is the absorbance of proteins after time t of irradiation, and K is the d Ž y1 . photobleaching rate s . Photobleaching experiments were performed under irradiation of a Ž . medium-pressure mercury vapour lamp 450 W on a 'merry-go-round' apparatus. Light of wavelength below 470 nm was cut off by a long-pass filter, and the apparatus was immersed in running water in a thermostat at 208C. The incident fluence rate was measured to be 18 Wrm 2 . The solutions examined were Ž . put in quartz cuvettes 10 mm = 10 mm with a long neck. The solutions were purged with argon or oxygen for 10 min before irradiation according to the experimental requirements. The maximum absorbances of the protein solutions were adjusted to be 1.0 before irradiation. UV-visible absorption spectra were recorded on an HP diode array spectrophotometer model 8451A.
Hydroxyl radicals and superoxide radical anions were detected by means of the spin-trapping method with ESR. Measurements of the ESR spectra were carried out on a Varian E-109 spectrometer operating Ž at room temperature X band, microwave frequency: . 9.47 GHz . Oxygen-saturated solutions of phyco-Ž . biliproteins 40 ml, 5 or 10 mgrml were injected quantitatively into specially made quartz capillaries, and were illuminated with a Shoeffel 1 kW Xe arc lamp. A cutoff filter was used to eliminate light of wavelength shorter than 470 nm. The incident fluence rate was measured to be approximately 50 Wrm 2 .
Results
Free radical reactions
When an oxygen-saturated aqueous solution con-Ž . Ž . taining C-PC 5 mgrml and DMPO 45 mM was irradiated at wavelengths longer than 470 nm for 8 Ž . min, a four-line ESR spectrum Fig OH adduct was detected in the dark or in the irradiated sample without either C-PC or oxygen. Presence of catalase in the system inhibited significantly the formation of Ø OH radicals. As shown in Fig. 4 , the signal intensity of the DMPO-Ø OH adduct decreases sharply with increasing amount of catalase and 50 mgrml of catalase eliminates ) 90% of the ESR signal. Heatdenatured catalase had no effect. These results indicated that H O was also generated in the system and The possible formation of superoxide radical anion Ž Øy . O upon photochemical activation of C-PC in 2 oxygen-saturated aqueous solution was also ascertained. In this experiment, higher concentrations of Ž . Ž . DMPO 0.2 M and C-PC 10 mgrml were used and Ž . DTPA 1 mM was added to the irradiated sample to inhibit the formation of Ø OH. The ESR spectrum obtained from DMPO-superoxide adduct is shown in Fig. 2C , which also contains a small contribution from the DMPO-Ø OH adduct. The hyperfine coupling constants for the DMPO-superoxide adduct determined from Fig. 2C the conformational changes of phycocyanobilins caused by the photoinduced C-PC dissociation from w x trimer to monomer 20 , or due to the direct damages to the aromatic amino acids and the bilins of C-PC similarly to the photodestruction of phycobiliproteins w x by UV-B radiation 18 . When oxygen was introduced in the system, the photobleaching rate of C-PC Ž . was enhanced sharply line 5 of Fig. 5 . Calculation from lines 1 and 5 of Fig. 5 , the photobleaching rate in oxygen-saturated solution is about 5.0 times as fast Ž . as that in argon-saturated solution see Table 1 , confirming that reactive oxygen species participated in the bleaching of C-PC. From Fig. 5 , the fraction of the bleaching rate of C-PC was attributed to the reactive oxygen species which is calculated to be Ž . 79%. In the presence of SOD 40 mgrml or catalase Ž . 50 mgrml the bleaching of C-PC was inhibited by Ž . 15% or 25% data not shown , further suggesting in Ž . trapping data not shown and SOD-and catalase-Ž inhibitions shown in Fig. 6 for R-PE and Fig. 7 for . APC . Recently, it has been demonstrated that phycobiliproteins exhibit photoinduced charge transfer phenomenon in their electrochemical cells, suggesting that these proteins can act as an electron donor or acceptor when a proper acceptor or donor is present w x 21,22 . Thus, it was inferred that a photoinduced Ž electron transfer from the phycobiliproteins used C-. PC, R-PE and APC to oxygen might occur in our system and lead to the formation of O formed to Ø OH radicals via Fenton reaction andror other unidentified pathways. . Ž . mgrml together with catalase 100 mgrml were added to the present system, the photobleaching rate Ž . of C-PC was only inhibited by 45% line 2 of Fig. 5 . This result led us to assume that another reactive oxygen mechanism, most probably the singlet oxygen mechanism, could also cause the photobleaching of C-PC, and subsequent experiments were carried out to examine this assumption.
Singlet oxygen reactions
Linetsky and Ortwerth have recently reported that Ž .
Øy Ø
histidine His reacts hardly with O and OH and 2 so can be used as a specific inhibitor for singlet w x Ž y5 . oxygen 23 . When histidine 1.0 P 10 molrl was introduced to the oxygen-saturated sample of C-PC, the photobleaching rate of C-PC was decreased by Ž . the extent of nearly 20% line 4 of Fig. 5 . The effects of various amounts of histidine on the bleaching of C-PC was also examined. The results are shown in Fig. 8 . It can be seen that the bleaching rate decreases drastically with increasing amount of histidine, strongly confirming the involvement of 1 O in 2 the photobleaching of C-PC. Since no additional sensitizer except for C-PC was involved in the system, it was evident that 1 O was generated from From Fig. 8 it can also be observed that, even at higher concentrations of histidine, inhibition of C-PC photobleaching is not complete. Moreover, the curve reaches a plateau for histidine concentrations between 1.0 P 10 y3 molrl and 5.0 P 10 y3 molrl. This incomplete inhibition indicates that, in addition to the 1 O 2 mechanism, other mechanisms, such as oxygen-independent photodissociation of C-PC and oxygen-dependent photodestruction resulted from O 
Discussion
On the basis of our experimental results, the pathways for the generation of reactive oxygen species Ž . from phycobiliproteins PBPs on photosensitization can be summarized as shown in Fig. 10 . It shows that exposure of oxygen-saturated solution of PBP to visible light results in the generation of both singlet oxygen and superoxide. Dismutation of superoxide, either spontaneously or by the enzyme SOD, give rise to hydrogen peroxide, which is then transformed into hydroxyl radicals. Since the fluorescences of PBPs Ž . R-PE, C-PC and APC can not be quenched by oxygen, it seems probably that the triplet state of PBP w 3
Ž .x PBP T , generated from intersystem crossing three phycobiliproteins on photosensitization, lead to the photobleaching of these proteins by self-sensitized photooxidation. The photobleaching rates of three phyco-biliproteins under the various inhibitors of reactive oxygen species were listed in medium, accelerates obviously the photobleaching of three phycobiliproteins. These results strongly confirm that reactive oxygen species are produced from the phycobiliproteins and involve in the photobleaching of these proteins. Nevertheless, White and w x Stryer 27 reported that neither molecular oxygen, peroxide, nor oxygen radicals seem to be primarily responsible for the photobleaching of phycoerythrin. This conclusion is totally at variance with the results reported here. How to explain this discrepancy? Firstly, our observation agrees with the work of w x Delange and Glazer 28 , where they found that the peroxy radicals could damage phycoerythrin and result in the photodestruction of the protein. In addiw x tion, our recent work 29 also verified that reactive oxygen species could be generated from phycobiliproteins on photosensitization and responsible for their photobleaching. Therefore, it can be concluded that reactive oxygen species are at least partially responsible for the photobleaching of phycobiliproteins. Why did White and Stryer not observe the ( )fluorescent change of phycobiliproteins when addition of reactive oxygen inhibitors? The possible reason is that the sensitivity of the measurement of fluorescent change is not high enough in order to examine so much small changes originated from the inhibition effect of the additives in their experiments. Let us concentration on the details of their experiments. In their illumination experiments of R-PE, the 15 
Ž
. light intensity is 8.6 P 10 photonsrs 514.5 nm , i.e., 3.3 mW. When such small light energy attached a 100-ml capillary tube, which served as the flow cell for the moving protein solution, it may be inferred that the change of fluorescence is very weak, moreover, the fluorescent changes come from inhibitions of the additives occupied only a little part in comparison with the total fluorescence. Therefore, it is essential that the sensitivity of the detector for probing the fluorescent change must be very high. From their results presented in Fig. 9 in their paper, it could obviously be seen that those data appear differences to some extent. But perhaps some scatter from the sample interfered with the detection, resulting in the sensitivity of the detector is not enough to differentiate the small change.
Phycobiliproteins, as a new type of agent applied in PDT, exhibits several advantages compared with Ž . HPD see Section 1 . Nevertheless, the potential immune responses of human to these proteins are likely to limit their application in PDT. Therefore, it is necessary and beneficial to investigate the immune reactions of phycobiliproteins. In the previous studies, the immuno-chemical properties of various phycobiliproteins that contribute to the understanding of w x evolution had been presented 30 . As a photodynamic therapeutic agent, the studies on the immune reactions of phycobiliproteins and the effects of these reactions on human are not carried out until now. According to the works of Morcos et al. and Zheng et w x al. 11-13 , phycocyanin exhibits much strong photodynamic effect on atherosclerosis and tumor, and no side effects were observed. The previous results of our laboratory also indicated that R-phycocyanin from Porphyra haitanensis stimulated human B lymphatic cell reproduction, and this effect of R-PC can enw x hance the immunological competence of human 31 . Moreover, phycobiliproteins were extracted from various algae, such as Porphyra yezoensis, Polysiphonia urceolata etc, most of which are eatable. Therefore, phycobiliproteins, as a kind of natural photosensitizer, seem not to bring harmful immune reactions to human body when they are applied in PDT. Of course, the studies on the application of phycobiliproteins in PDT only just begin, we think the researches about the immune reactions of these proteins to human are of importance in the future clinical practice.
